We present a method for designing and optimizing an in-house designed electromagnetic probe for distinguishing morphological differences in biological tissues. The probe comprises concentric multiwound coils, the inner being the primary coil and the outer being the detector coil. A time-varying voltage is imposed on the primary coil, resulting in an induced current in the detector coil. For highly conductive samples, eddy currents are induced in the sample and inductively couple with the electromagnetic probe. However, in weakly conducting samples, the primary coupling mechanism is found to be capacitive though there can be a non-negligible inductive component. Both the mutual inductive coupling and the capacitive coupling between the sample and the probe are detected as a change in the induced voltage of the detector coil using lock-in detection. The induced voltage in the detector coil is influenced more by the morphological structure of the specimen rather than by changes in electrical conductivity within different regions of the sample. The instrument response of the lock-in amplifier is also examined with simulated input voltage signals to relate its output to specific changes in inductive and capacitive coupling, in order to relate sample characteristics to a single voltage output. A circuit element model is used to interpret the experimental measurements. It is found that the sensitivity of the measurement for a given set of probe characteristics (resistances, inductances, and capacitances) can be optimized by adding a small amount of capacitance in the external circuit in parallel with the detector coil. Illustrative measurements are presented on animal (porcine and bovine) tissue and on human liver tissue containing a metastatic tumor to demonstrate the capabilities of the probe and measurement method in distinguishing different tissue types despite having similar electrical conductivities. Since biological tissues are multi-scale, heterogeneous materials comprising regions of differing conductivity, permittivity, and morphological structure, the electromagnetic method presented here has the potential to examine structural variations in tissue undergoing physical changes due to healing or disease. Published by AIP Publishing. https://doi.
I. INTRODUCTION
Eddy current measurements are well known in nondestructive detection of cracks and flaws in metallic structures and materials, 1-3 but their use in characterizing different biological tissue is relatively unexplored. Inherent difficulties with such measurements are the much higher electrical impedances and multi-scale heterogeneity of biological tissue compared to metals. 4, 5 Biological tissues comprise morphologically similar cells and associated intercellular matter (collagen matrix, vasculature, etc.) working together to perform one or more specific functions in a living organism. Typical variations in electrical conductivity of metals are in the range of 10 6 -10 8 S/m, and in some biomedical applications 6 where gold may be bound to antibodies, 7 it may be necessary to detect the metallic particles in order to locate an antigen. On the other hand, electrical conductivity of soft tissues range from 0.01 to 1 S/m (i.e., Ω −1 m −1 ), 4, 5, [8] [9] [10] which is orders of magnitude smaller than that of most metals. In addition, morphological variations in electrically conducting domains of tissue can range from microns to centimeters. Consequently, structural variations and differences in permittivity in biological tissue can be as or more important than changes in conductivity when characterizing them.
Two classes of methods exist for distinguishing between tissue types. These are the invasive electrical impedance measurements which require the use of electrodes inserted into or placed in contact with the sample [11] [12] [13] [14] [15] and the non-invasive and contact-less magnetic impedance tomography (MIT) which has been used in attempts to image phantoms of physiological relevance. [16] [17] [18] [19] [20] [21] [22] MIT operates by inducing eddy currents in a sample in a non-contact manner using time-varying magnetic fields, typically at frequencies of 10 MHz-20 MHz. 18 A noncontact eddy current imaging modality based on differences in electrical conductivity within a sample, and somewhat different than MIT, has been described analytically and modeled earlier. [23] [24] [25] In this work, we describe an electromagnetic (EM) technique significantly different than previously reported. Our new EM probe is more sensitive to morphological variations than to changes in electrical conductivity in the sample and operates at much lower frequencies, 100 kHz-1 MHz. The measurement builds on the earlier theoretical work of Gencer and Tek and others [23] [24] [25] by effectively using capacitive coupling in conjunction with inductive coupling and utilizes a probe comprising concentric multi-wound coils, resembling the primary and secondary sides of a transformer.
The present work differs from earlier reports [23] [24] [25] in several respects. First, we use a sawtooth waveform as opposed 084302-2 Jones et al.
Rev. Sci. Instrum. 89, 084302 (2018) to a sine wave, [23] [24] [25] which has the benefit of a relatively large temporal variation of B (magnetic induction). Second, unlike previous experiments on saline phantoms or animal tissue alone, we show feasibility of our technique with freshly excised human tissue. Third, earlier probes and methods [23] [24] [25] use one excitation coil and two receiver coils, one of which is used to cancel the field due to the excitation coil. Fourth, earlier work uses a sine wave excitation at 11.6 kHz (frequency chosen based on the least noise produced after a frequency sweep). Finally, previous studies [23] [24] [25] as well as MIT, [16] [17] [18] [19] [20] [21] [22] require substantial calculation and knowledge of the shape of an object in order to isolate inductive effects. Furthermore, unlike MIT or these earlier results, the present work relies on measurements made on fresh tissue that has not been fixed and not on phantoms composed of physiological saline. The induced voltage in the detector coil is monitored using lock-in detection. We present the results of EM measurements on porcine and bovine animal tissue samples as well as on a specimen of human liver tissue containing a metastatic tumor. We also contrast their detector coil voltage characteristics with those corresponding to metals, which in turn is used to validate the probe design and modeling method. The instrument response of the lockin amplifier is examined using an equivalent circuit element model in order to relate changes in the measured DC signals to corresponding changes in the inductance and capacitance of model samples. This paper is organized as follows. The EM measurement and procedure are described in Sec. II, along with the representative circuit element model. This model is used to determine the response of the lock-in amplifier to synthetic inputs that mimic changes in the detector coil signal in the presence of a conducting sample. The equivalent circuit element model is validated using this approach. A means of optimizing the EM probe for improving sensitivity is discussed in Sec. III, after exploring the measurement parameter space with the validated numerical model. Section IV describes the methods with which physical measurements are conducted on animal tissue and on fresh liver tissue excised from human patients undergoing surgical treatment for liver metastases from colorectal cancer, with the EM probe to demonstrate proof-of-principle operation for quantifying biological tissue morphology. Results from EM measurements on porcine and bovine specimens as well as on human liver tissue, utilizing the optimization process outlined in Sec. III, are also presented in Sec. IV, and a summary of these results and the measurement method is given in Sec. V.
II. ELECTROMAGNETIC PROBE AND MEASUREMENT METHOD

A. Operating principle
The EM probe used for analyzing biological tissue consists of two parallel-axis, multi-turn coils of wire, one of which is a primary coil, while the other coil serves as the detector. The primary coil subjected to a time-varying voltage generates eddy currents in the conducting specimen whose magnetic fields alter the voltage induced in the (secondary) detector coil. As shown in Fig. 1 , the core of the probe is a 5.59 mm diameter nylon rod. The primary coil is hand-wound with two layers of approximately 74 turns (per layer) of the 32 AWG wire (∼0.220 mm insulation, nominal thickness). The next five layers (∼75 turns per layer) are wound around the primary coil and form the detector coil. The length of the probe is approximately 17.53 mm. The average outer diameter of the EM probe is 8.79 mm. Measurements of the inductances of the primary and detector coils (designated with subscripts p and d, respectively) with an LCR meter (Keysight U1733C) yielded L p = 36.73 µH and L d = 278.8 µH at 100 kHz. The DC resistances of both coils were measured to be R p = 1.82 Ω and R d = 4.60 Ω, using a multimeter (Keithley 2001). The resonant frequencies of the primary and detector coils were also determined. A sense resistor (100 Ω) was placed in series with the EM probe and a DC stabilized power supply (PS23003AU) with an oscilloscope connected across the sense resistor in order to monitor the current through each coil. The resonant frequencies were measured by driving a constant current through each coil (separately) and abruptly shutting off the current. The frequency of the resulting ringing was recorded on the oscilloscope by monitoring the voltage across the sense resistor connected in series with each coil. The resonant frequencies were determined to be ∼1.6 MHz for the primary coil and ∼760 kHz for the detector coil.
In all the measurements reported here, the voltage imposed on the primary coil is a positive ramp sawtooth waveform at 7 Vpp (±4.04 V rms ) with a frequency of 99 kHz, 100 kHz being the upper limit of the sawtooth waveform that could be produced by using a HP33120A function generator. The sawtooth excitation waveform is specifically chosen to exploit the sharp drop-off (∼50 ns) in order to induce the largest possible eddy currents (since E eddy ∝ ∂V p /dt ) in a sample placed near the probe. The two coils of the EM probe are mutually inductively coupled. A typical response for the detector coil voltage over a single excitation period is shown in Fig. 2 (a) for a sawtooth voltage waveform imposed on the primary coil and is influenced by the resistances and intrinsic capacitances of the coils, which are design parameters for the EM probe. The presence of a conducting sample near the probe alters this inductive coupling between the primary and detector coils. This results in a shift in time of the individual peaks as well as a modification of their amplitudes, as shown in Figs. 2(b) and 2(c). Although the coils of the EM probe have intrinsic (winding to winding and layer to layer) capacitances, it is possible for a given probe to optimize the probe sensitivity by adding a small amount of external capacitance to the detector coil circuit. Such a design modification is described in Sec. III B. The primary coil of the EM probe is connected to a function generator (Hewlett Packard 33120A) through a ballast resistance of 820 Ω, and the output of the detector coil is connected to the input of a lock-in amplifier (Stanford Research Systems SR510). The output from the lock-in amplifier is a single DC voltage representative of the signal from the detector coil of the EM probe [e.g., Fig. 2 (a)] and is recorded through a digital oscilloscope (Agilent DSO-X 2014A) or through an RS-232 serial connector interfacing with MATLAB. The influence of eddy currents in a conducting sample placed near the probe results in changes in the waveform shown in Fig. 2 (a) as variations in the amplitudes and shifts of the peaks. Typically, metallic samples cause significant changes in the amplitude of the first peak and changes in the phase of the smaller peaks, as shown in Figs. 2(b) and 2(c), respectively. By contrast, as seen in Fig. 2(d) , biological tissue samples placed near the probe only cause small time shifts of the peaks of the waveform with negligible changes in their amplitudes compared to metal samples. These changes in the signal result from the different modes of coupling between the EM probe and the sample (i.e., inductive and capacitive) and are discussed further in Sec. III. Noteworthy is the fact that small shifts in the last of the smaller peaks cause a change in the amplitude of the first peak as the ringing displayed in Fig. 2 (a) extends beyond the period corresponding to the duty cycle of excitation. This necessary design characteristic is described in greater detail in Sec. III.
B. Equivalent circuit element model
In order to predict probe performance and optimize design, an equivalent circuit element model is developed to simulate the EM probe and its operational characteristics in the presence of a model sample capable of having eddy currents induced. In the model, a multilayer coil is represented by an inductor and a resistor in series with a parallel capacitance. The simplified equivalent circuit model is shown in Fig. 3 . The model consists of two circuits representing the two multilayer coils, highlighted in red and blue, coupled by a mutual inductance (M pd ) between the inductive branches of the individual circuits. For the case where the EM probe is used to determine the electromagnetic response of a sample, a simple loop comprising an inductor and a resistor in series is added to the model, as shown in the green box in Fig. 3 . The sample is linked to the inductive branches of both the primary and detector coil circuits through separate mutual inductances (M ps and M ds ). It is also assumed that the EM probe can be capacitively coupled with the sample with the displacement current going to ground. These capacitive coupling terms are represented by C ps and C ds for the primary and detector coils, respectively. The input voltage is represented by V 0 , and the measured voltages on the primary and detector coils are V p and V d , respectively. R b is the ballast resistance between the input and the primary coil.
Given an input V 0 (t) (which in this work is a sawtooth waveform), the governing equations for the equivalent 
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All terms with an s subscript are those included for the case where there is a sample present. When these terms are absent, the governing equations reduce to those for the case where there is no sample, i.e., the EM probe only. There are 5 unknowns in Eqs. (1)-(5): V p , I p , V d , I d , and I s . Inductances L p and L d are measured using an LCR meter at 100 kHz, as described earlier in this section. The currents in the coils oscillate at their natural frequency which can result in a substantial increase in the series resistance of the coil due to the proximity effect. 26 The proximity effect is the apparent increase in the resistance of a wire because of eddy currents induced in windings by the alternating flux from nearby windings. 26 This apparent or AC resistance of the coils is a function of frequency and can be calculated, 26
where M = αr w √ πcoth(αr w √ π), D = 2αr w √ πtanh αr w √ π/2 , α = iω µ 0 η/ρ e , η = N l r w √ π/b, R DC is the DC resistance of the windings, Re(·) is the real part of the value in parentheses, m is the number of layers in the coil, ω is the angular frequency of the current, µ 0 is the vacuum permeability, ρ e is the electrical resistivity of the wire, r w is the radius of the wire, N l is the number of turns per layer, and b is the length of the coil. Using the measured DC resistance value of 1.82 Ω and 4.60 Ω in Eq. (6), the effective primary coil and detector coil resistances R p and R d were calculated to be 17.36 Ω and 255.91 Ω at the resonant frequencies of 1.6 MHz and 760 kHz, respectively. In addition to the proximity effect, the resistances can also increase due to the skin effect. At high frequencies, the majority of the current density is confined to the outer radius of the wire cross section. The skin depth is the depth at which the current is 37% of the surface current density which can be calculated using
where δ is the skin depth, ρ is the resistivity of the conducting material, f is the frequency of the signal, and µ is the permittivity of the material. The skin depth for copper at 1.6 MHz and 760 kHz is calculated using Eq. (7) to be 51.9 µm and 75.3 µm, respectively. Assuming that the effective cross section of the wire is now a hollow cylinder with a wall thickness of δ, the resistances are further multiplied by a factor of 1.3 and 1.1, respectively, corresponding to the ratio of the effective cross section due to the skin effect and the true cross-sectional area. R b has a value of 820 Ω. Capacitances C p and C d for the coils are determined from
where f is the resonant frequency of the coil, L is the inductance of the coil, and C is the capacitance of the coil. The resonant frequency for each coil was measured as described previously in Sec. II A. Using the measured values of the resonant frequency and inductance for each coil, capacitances C p and C d are found from Eq. (8) to be 269.4 pF and 157.3 pF, respectively. Mutual inductances M pd , M dp , M ps , and M sd are calculated analytically from first principles assuming that the coils consist of perfectly stacked wire rings, and the sample is assumed to contain a single effective ring of eddy current. 27, 28 The reciprocal mutual inductances are assumed to have equivalent values. The self-inductances and DC resistances are also calculated analytically when simulating potential probe designs. 27, 28 With the circuit element values thus determined, Eqs. (1)-(5) are solved as a system of coupled first-order ordinary differential equations (ODEs) using the MATLAB ode15s solver.
C. Methodology for evaluating response of measurement system using synthetic input-Smulated experiment
The lock-in amplifier is a key component in the EM measurement method and provides a single quantity (DC voltage) that captures changes in the detector coil voltage waveform depending on the EM characteristics of the sample placed in the vicinity of the EM probe. To enable interpretation of measurements using the lock-in amplifier, an instrument response of the measurement system to synthetic inputs was first explored and is reported in this section. As shown in Fig. 4 , synthetic waveforms resembling detector coil voltages modified by systematically varying equivalent circuit element properties (the resistance and inductance of the sample and capacitive coupling between the sample and the EM probe) may be generated using the circuit element model described in Sec. II B. These calculated discrete values of V d (the period, 10.101 µs, divided by the time step used for integration, 0.25 ns) which number approximately 40 404 points are input FIG. 4 . Schematic of the experimental setup for determining the response of the measurement system. An arbitrary waveform is sent from the computer to the function generator which is then sent to the lock-in amplifier. The sync output from the function generator is used as a reference signal to the lock-in amplifier. The output from the lock-in is monitored by using the computer using an RS-232 connection.
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Rev. Sci. Instrum. 89, 084302 (2018) into a function generator (Keithley 3390) that outputs the same waveform at a desired duty cycle but with a maximum rate of 1.25 × 10 8 samples/s, into the lock-in amplifier, whose output is then monitored on an oscilloscope. At a duty cycle of 99 kHz, this amounts to 1262 points. The function generator also outputs a reference signal necessary for the lock-in amplifier. Using this approach, electrical parameters simulating different coils were examined to provide insight on how the EM probe and measurement can be optimized for specific samples with widely differing characteristics. Parameters specific to the EM probe include the detector coil capacitance (C d ), resistance (R d ), inductance (L d ), and mutual inductance between the primary and detector coils (M pd ). The electrical parameters associated with the sample which were varied include sample resistance (R s ) and self-inductance (L s ), mutual inductance between the sample and the detector (M sd ), and the coupled capacitance between the sample and the coils. Any capacitive coupling between the sample and the coils is parameterized as a change in the intrinsic capacitance of the two coils (C p and C d ) beyond the null condition (i.e., without a sample). Due to the higher number of layers in the detector coil compared to the primary coil, the capacitive coupling term containing C ds is the dominant capacitive component. Therefore, the impact of capacitive coupling will focus on the single parameter, C ds . Equations (1)-(5) were solved using the ode15s function in MATLAB starting with zero initial conditions for all currents and voltages. The calculated transient detector coil voltages are then input into the function generator (Keithley 3390) using a separate MATLAB script. To avoid errors inherent in solving initial value problems (i.e., increasing global error), the 4th period is extracted from the solution. A time step of 0.25 ns was used to solve Eqs. (1)- (5) . Reduction in this time step by half results in less than 5 × 10 −6 % (i.e., less than 100 nV) maximum change in the solution for V d . The sync output of the function generator is used as the reference for the lock-in amplifier. The function generator thus generates a periodic digitized signal at a desired frequency using the single period waveform supplied by the equivalent circuit element model. The output of the lock-in amplifier was then monitored using an RS-232 serial connection between the computer and the lock-in amplifier. All measurements were first initiated by measuring the output from the lock-in amplifier for the case where no sample is present. The lock-in amplifier was then nulled at this condition with the phase kept at zero, and a new calculated waveform was generated for the case of a sample present with specific characteristics. The resulting change in the DC output of the lock-in amplifier (∆V DC ) represents measurement of a signal for a specific synthetic signal from a simulated sample. For all measurements reported here, the lock-in amplifier was operated at 100 mV/V sensitivity on low dynamic reserve. No expand settings or filters were used, and the pre-and post-time constants were set to 300 ms and 0.1 s, respectively.
It is important to point out that the fact that the function generator outputs 1262 points (for a duty cycle of 99 kHz) per period from the calculated 40 404 points results in an aliasing error that is not present in the actual measurements described in Sec. II A. This results in a systematic and repeatable error that appears random in ∆V DC . This systematic aliasing error is dominant over other numerical errors. For example, reducing the time step ∆t in the calculation of V d from 0.25 ns to 0.125 ns results in less than a 0.01% change in ∆V DC .
D. Validation of the equivalent circuit element model
The circuit element model presented in Sec. II B was first validated without a sample so that the operation of the EM probe by itself can be quantified without consideration of the mutual inductances, M ps and M ds , or the coupled capacitance, C ds . The validation was performed by comparing the simulated detector and primary coil voltage traces, V d (t) and V p (t), with experimental measurements. Figure 5 shows a comparison of the simulated and experimental traces of V p and V d over a single period. As can be seen from the figure, the agreement between the model predictions and experimental measurements is excellent. The R 2 value for the calculated waveform compared to the measured waveform value is 0.95 and 0.87 for primary and detector coils, respectively.
In order to validate the equivalent circuit element model in the presence of a sample, measurements of V d were conducted on copper rings of various diameters ranging from 4 mm to 36 mm. Each ring was made of an 18 AWG bare copper wire which was soldered using lead flux to form a closed loop. The EM probe was first nulled in air without a sample present by adjusting the reference phase until the DC output on the lockin amplifier indicated zero. When the EM probe was brought within 2 mm height of the wire rings, eddy currents induced in the metal ring (i.e., sample being tested) altered the inductive interaction between the primary and detector coils. The resulting change in magnitude and phase of the induced current and voltage in the detector coil leads to a non-zero value of the DC output from the lock-in amplifier, ∆V DC , which was recorded. The EM probe was held in place until a steady FIG. 5 . Measured (dashed red curves) and calculated (solid black curves) primary and detector coil voltages for the no sample case are shown here versus time. A sawtooth waveform voltage of 7 Vpp at 99 kHz is applied to the primary coil. The solid curves (black) are voltages calculated from the model described in Sec. II B, and the dashed curves (red) are voltages recorded using an oscilloscope.
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Rev. Sci. Instrum. 89, 084302 (2018) voltage, ∆V DC , was displayed and then retracted with V DC allowed to reach zero again. This process was repeated three times for each measurement. In this way, the signal recorded by using the lock-in amplifier is a relative measurement capable of detecting differences in the characteristics of eddy currents induced in samples placed in proximity of the EM probe. Figure 6 shows the measured ∆V DC for the case of wire rings of different diameters (blue x's) as well as synthetic signals (black open circles) measured using the method described in Sec. II C. For both the data sets reported in Fig. 6 , the sensitivity of the lock-in amplifier was set to 100 mV/V on low dynamic reserve with a pre-time constant of 300 ms and a post-time constant of 0.1 s. Additionally, no signal filters were used in either case. As discussed earlier in Sec. II C, the apparent scatter in the plot of ∆V DC versus ring diameter (i.e., eddy current domain size) is a systematic aliasing error and is not random. Every point shown in the synthetic signals measured in Fig. 6 is repeatable, and the variation with the ring diameter is a result of aliasing, as described in Sec. II C. Such a scatter does not occur in the actual measurements shown in Fig. 6 . Despite the scatter arising from the aliasing error, it can be seen from Fig. 6 that the agreement between the measured and the synthetic (predicted) signals is quite good and that the numerical model is capable of replicating the observed trend of increasing signal with increasing eddy current domain size, attaining a maximum for domain sizes comparable to the size of the EM probe, and gradually decreasing with further increases in the domain size. Therefore, the EM probe measurement described here with the probe of a given diameter is capable of detecting eddy currents in the sample with domain sizes on the order of a few millimeters and larger. It can also be seen from Fig. 6 that the EM probe is most sensitive to domain sizes on the order of the size of the probe. Therefore, in the context of quantifying morphological distinctions, the size of the probe would be determined by the target morphological change being detected in a biological sample.
With the equivalent circuit element model thus validated both in the case where there is no sample and in the case where there are conducting samples consisting of copper wire loops of different diameters for generating different eddy current domain sizes, the measurement system is analyzed in Sec. III. This is necessary in order to understand which properties of the sample contribute greatest to the magnitude of the DC voltage produced by using the lock-in amplifier. Experimental measurements on animal tissue (porcine muscle and bovine tissue) with the EM probe are then discussed in Sec. IV.
III. MEASUREMENT SYSTEM RESPONSE AND OPTIMIZATION
A. System response to sample characteristics
The response of the EM measurement system is investigated in this section to enable interpretation of measured signals and to develop a framework for design and optimization of the EM probe. When the time varying magnetic field from the primary coil of the EM probe is impressed upon a conducting sample, it is expected that eddy currents are induced in the sample. The magnitude of the eddy currents depends on the electrical conductivity and hence on the resistance of the sample. Consequently, the induced current in the detector coil due to the magnetic fields generated by these eddy currents in the sample will also be affected by the electrical conductivity and resistance. Moreover, since eddy currents flow in closed loops within conducting materials, the morphological structure of the sample also affects the induced current in the detector coil. In heterogeneous samples, the path of the eddy currents is affected by both morphological changes and variations in electrical conductivity of the sample. Thus, the induced current in the detector coil will be affected by the self-inductance and mutual inductance between the sample and the detector coil, both of which depend on the path of the eddy currents in the sample. In order to test this theory, sample parameters were varied over a wide range. Characteristic values of circuit element parameters (resistance and inductance) for the sample were estimated from a model of multiple concentric stacked rings, 29 totaling 25 mm in thickness and 18 mm in diameter. Electrical conductivity was varied by several orders of magnitude for both biological specimens (10 −2 -10 2 Ω −1 m −1 ) and metals (10 6 -10 10 Ω −1 m −1 ). A value of 1 Ω −1 m −1 was chosen as a representative value for electrical conductivity of tissue based on previous electrical impedance spectroscopy (EIS) measurements on biological specimen. [20] [21] [22] A conductivity of 6 × 10 7 Ω −1 m −1 , which is approximately the conductivity of copper, was chosen to represent metal. The coupled capacitance term C ds results from the addition of the capacitance from the coil to the sample and the capacitance through the sample to ground. The capacitance between the coil and the sample was calculated using the equation for the capacitance between a length of wire and a plane surface given by 30
where ε is the permittivity of the gap, l is the length of the wire, d is the distance between the wire and surface, and a is the radius of the cross section of the wire. Taking the air gap to be approximately 2 mm from the surface of the sample, the capacitances for the air gap are calculated to be approximately 3 pF and 9 pF for the primary and detector coils, respectively. The capacitance through the sample was estimated from εA/d, where ε is the permittivity of the sample, A is the cross-sectional area of the cylindrical sample, and d is the thickness of the sample. In the case of metal, the relative dielectric constant is taken to be 1, 31 while in the tissue case, the relative dielectric constant is approximately 5000 for muscle tissue at 700 kHz. 4 Using the described sample geometry and dielectric values, C ds is calculated to be 87 fF and 8.5 pF for metal and tissue, respectively. Finally, the mutual and self-inductances of the tissue sample were calculated from first principles using the stacked ring model described in Ref. 29 . To determine the instrument response, each parameter for the sample was varied over respective specific ranges, while all others were held constant. In the case of mutual inductance, both M sd and M ps were varied simultaneously maintaining the proportionality between them where M sd 3.5M ps in the case of this specific coil and sample configuration. The values for the parameters and their respective ranges are listed in Tables I  and II for metal and tissue, respectively. Each parameter was varied over the range of values typical for both metal and tissue resistances and coupled capacitances, resulting in two sets of values. Figures 7 and 8 show measurements of ∆V DC for synthetic detector coil signals for ranges of parameters listed in Tables I and II . As can be seen in Figs. 7(a) and 8(a), large changes within the ranges of resistances for metal and tissue have negligible effect on ∆V DC . This implies that the EM probe is not sensitive to changes in electrical conductivity alone. This is due to the fact that the sample was excited at an Both plots show that when the resistance is on the order of those for metals, variations in either M sd or L s produce significant responses from the EM probe compared to changes in R s and C ds . Lower L s results in a stronger signal from the sample due to a reduction in damping caused by the self-inductance term. For variations of M sd , ∆V DC increases with a stronger coupling between the sample and the detector coil. Additionally, it can be seen that M sd need be only a fraction of the magnitude of M dp due to the fact that the changing current in the sample has a much higher magnitude than in the probe. On the other hand, when the resistance of the sample is on the order of that for tissue, it is seen from Figs. 8(b) and 8(c) that variations in M sd and L s have no significant effect on the response of the EM probe. The largest effects in the measurements result from the coupled capacitance which is seen in Fig. 8(d) . This results from the fact that the capacitive component in the model is proportional to the voltage change in the detector coil which remains largely consistent regardless of the sample conductivity. The inductive components, however, are proportional to the current change within the sample, which is significantly larger in metal samples than in tissue samples. This is apparent in the trends of Figs. 7(c) and 8(c) where the magnitude of the signal changes significantly for metal as compared to that for tissue.
Analysis of the measurement system response presented here leads to several inferences. First, the particular EM probe used in this work is relatively insensitive to changes in electrical conductivity due to the intermediate value of the resonant frequency (∼700 kHz). Therefore, ∆V DC only varies weakly for different electrical conductivities within the range for specific materials, e.g., metals or tissue. Second, in low conductivity samples such as biological tissue, the EM probe is insensitive to changes in the mutual and self-inductance of the sample as compared to that of the coupled capacitance. However, this dependence of ∆V DC on overall capacitive coupling between the tissue and the EM probe provides the opportunity to optimize the EM measurement by altering the capacitance in the external circuit. It is important to recognize that while the EM probe and measurement method has been exclusively analyzed in the presence and absence of samples in Secs. II D and III A, the main purpose of developing the EM probe is to distinguish between samples of a certain type (e.g., metal or tissue). Optimization of the measurement method and EM probe design to enable distinguishing between samples similar in electrical conductivity but varying in the morphological structure is described next.
B. Optimization of the EM probe through coil design
In this section, the methodology for evaluating the measurement system response described in Sec. II C is used to optimize the EM probe through the coil design and subsequent measurements on tissue samples are discussed. In anticipation of tissue specimens of a certain size (Sec. IV), the simulated sample is modeled as described in Sec. III A. The fixed values for R s , L s , M sd , M ps , and C ds (Table III) are selected as representative values for a standard tissue sample. Only the coupled capacitance C ds is varied since the other tissue parameters have been found to have no significant effect on the EM measurement. The probe parameters are varied over the values listed in the third column (i.e., labeled Range analyzed) of Table III . The results from these simulated measurements are discussed next.
Using the values listed in Table III , the measurement system response was analyzed for variations in the detector coil parameters to determine greatest sensitivity in measuring differences between two different simulated biological samples. An initial simulated measurement is made with the base parameters and the adjusted coil parameter representing the measurement of a sample. Then a second simulated measurement is made with the coupled capacitance of a second sample, C ds, decreased by 5 pF and subtracted from the first simulated measurement to obtain a difference in signal, ∆V 1,2 , plotted in Fig. 9 . Figure 9 provides clues as to how detector coil parameters may be changed in order to design an EM probe that can distinguish between two soft biological tissue samples. 
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Rev. Sci. Instrum. 89, 084302 (2018) Figure 9 (a) shows how the signal from the measurement system varies in the presence of a simulated tissue sample for different values of the detector coil resistance, R d . The results show that values of R d smaller than about 4 Ω yield improved EM probe signals for specific values of the other parameters (L d , C d , etc.). Figure 9 (b) shows that an increase in L d can improve the magnitude of the signal. However, lowering R d while increasing L d represents a challenge since reducing the number of turns or the coil radius in order to reduce resistance also decreases the inductance. Figure 9 (c) shows that there are optimum values of M dp which are lower than the calculated base value. This finding is in agreement with a simple order of magnitude analysis of Eq. (4). As M dp decreases in magnitude, the term M dp dI p /dt approaches the same magnitude as M sd dI s /dt, in essence, making the EM probe more sensitive to the presence of the sample and resulting in a higher ∆V DC . When M dp becomes too small, however (i.e., ∼20% of the original value, depending on the specific probe design), the coupling between the primary and detector coils is weakened and the overall signal begins to drop, reducing the sensitivity. Finally, Fig. 9(d) shows that the added external capacitance in the detector circuit can also be used to optimize the signal from the EM probe for a given soft tissue sample. The foregoing analysis suggests that it is possible to add capacitance in parallel with the detector coil once an EM probe has been fabricated, increasing the sensitivity of a given EM probe.
IV. EXPERIMENTAL MEASUREMENTS ON ANIMAL AND HUMAN TISSUE
A. EM probe measurement method
A schematic of the experimental apparatus for measurement of tissue samples with the EM probe is shown in Fig. 10 . The probe is mounted on the vertical (z) axis of a Unislide (Velmex Series No. 795) two-axis stage, above the horizontal stage where a sample may be placed. The stage is controlled by using a computer to ensure repeatability in the measurements. The output from the function generator is input into the primary coil of the EM probe, and the detector coil signal is input into the lock-in amplifier, as described in Sec. II A. The output from the lock-in amplifier can be monitored on a digital oscilloscope or alternatively captured by using a data acquisition (DAQ) device to allow for fully automated measurements.
The EM probe is first calibrated (nulled) in air without a sample by adjusting the reference phase until the DC output on the lock-in amplifier indicates zero. When the EM probe is brought in the proximity of a specimen, the EM probe becomes mutually inductively and capacitively coupled with the 11 . A typical data set is shown here for a single measurement with the EM probe on a porcine muscle sample. The DC signal from the lock-in amplifier is shown as the EM probe is brought in the vicinity of a porcine muscle sample three successive times, each for a duration of 5 s with 5 s between each measurement. sample, as described and quantified in Sections II A and III. This coupling results in a change in the magnitude and phase of the induced current and voltage in the detector coil and leads to a non-zero value of the DC output from the lock-in amplifier, V DC , which is recorded. The probe is held in place until a steady voltage, V DC , is displayed and then retracted with V DC FIG. 12. (a) Single point measurements on porcine and bovine samples. Each point is an average of three successive measurements (see Fig. 11 ), and the error bars represent the standard deviation. The measurements were taken with sensitivity set to 2 mV/V and dynamic reserve on HIGH. The pre-and post-time constants were 300 ms and 0.1 s, respectively. (b) t-values of pairwise comparisons between porcine and bovine measurements at each value of the added external capacitance. The red dashed line represents the minimum value for statistical significance (p < 0.05) between the pair of measurements. The respective p values at different values of the external capacitance are p(10 pF) = 0.0065; p(50 pF) = 0.0023; p(80 pF) = 0.0002; and p(90 pF) = 0.0018.
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Rev. Sci. Instrum. 89, 084302 (2018) allowing to reach zero again. This process is repeated three times for each measurement. A representative set of data from a single measurement is shown in Fig. 11 , which shows the repeatability of the measurement. Each of the EM probe readings is recorded as the absolute value of the phase-sensitive DC voltage output of the lock-in amplifier relative to null, ∆V DC . Additionally, the output of the detector coil is monitored on the oscilloscope. It can be seen that the signal level recorded by using the lock-in amplifier is a relative measurement capable of detecting differences in the characteristics of samples placed in front of the EM probe. With some tissue samples, there is a need to add external capacitance in the circuit (Fig. 12) , typically on the order of tens of picofarads, in order to optimize the signal.
B. Preparation of animal tissue samples
The EM measurement method described in Sec. IV A is used to study differences in animal tissue phantoms, comprising porcine and bovine tissues. The choice of the animal tissue phantoms here is necessitated by the fact that previous noncontact methods have largely relied upon the use of saline and gel phantoms that do not capture the heterogeneity in both electrical conductivity and morphology expected in real tissue. In Sec. IV D, results from animal tissue are discussed followed by demonstration of the feasibility of the EM technique developed in this work on freshly excised human tissue from a liver metastasis of colorectal cancer.
Two sets of measurements were carried out on animal tissue phantoms. The first phantom consisted of solid porcine tissue and ground bovine tissue. The porcine tissue was a boneless pork loin slice, and the bovine tissue was 80% lean ground beef. The second consisted of a comparison of EM measurements on solid bovine tissue with the ones on ground bovine tissue to ensure that the tissue samples are from the same species. The solid bovine tissue is a sirloin steak, and the ground tissue is 80% lean ground beef. The beef sirloin, pork loin, and ground beef were purchased from a local supermarket (Kroger). The tissue was procured the day of the experiments. The sample was taken out of the store packaging and placed in air tight Ziploc bags. The bags were then submerged in a warm water bath (37 • C) for approximately 5 min to bring the sample to room temperature in order to ensure that temperature changes do not affect the measurements. Prior to placing the tissue on the stage, a bare copper wire was secured on the stage platform and connected to earth ground on an oscilloscope. The entire extent of the sample was placed on the top of the bare wire to remove any stray charges from the animal tissue during measurement. Figures 13(a) Each measurement is an average of five separate measurements, and the error bars represent the standard deviation of those five measurements. The black dashed lines represent the 99% confidence intervals for all measurements within a certain tissue type. The zero location was categorized as an interface point and not included in either group. In (b), all porcine measurements are statistically significant from all bovine measurements (p < 0.0001). The interface point is statistically significant from both bovine and porcine measurements (p < 0.0001 for both), indicating that it is a unique domain. For the all-beef sample in (d), all measurements on the sirloin are statistically significant from all measurements on the ground beef (p < 0.0001). The interface point was only unique from the sirloin (p = 0.002) but not from the ground beef (p = 0.09). This is likely due to the fat located adjacent to the interface point (c). It can be seen that the measurement over the fat region is much lower than the rest of the sirloin tissue measurements. Measurements were performed with sensitivity at 2 mV/V and dynamic reserve on HIGH. No line filters were used, and the preand post-time constants were 300 ms and 0.1 s, respectively.
show the two different animal tissue phantoms. The sample in Fig. 13(a) comprises pork loin and ground beef in equal parts. The ground beef is flattened and shaped to match the pork loin in size and volume. The final dimensions of the sample measured approximately 13 × 13 × 2.5 cm. The sample in Fig. 13 (c) comprises beef sirloin and ground beef in equal parts. The ground beef was flattened and shaped to match the beef sirloin in size and volume. The final dimensions of the sample measured approximately 14 × 9 × 2.5 cm. All samples were covered in plastic wrap (Saran wrap) to prevent dehydration during measurements which can cause a drift in the EM measurements over time. Careful dehydration studies showed that the EM probe signal as measured by using the lock-in amplifier on porcine tissue varies by as much as 8% in magnitude within a span of 120 min. 29 Once the tissue was prepared in this manner, the measurement was performed as described in Sec. IV A. Both point-wise and line scan measurements are made in order to determine differences between the tissue types and the location of the interface, respectively. The choice of these two distinct animal tissues along with a continuous slice (beef sirloin and pork loin) and shaped sample (ground beef) is dictated by consideration of different electrical conductivities and different morphologies representative of the heterogeneous structure and different electrical conductivities of real tissues. 20
C. Preparation of human tissue samples
Ex vivo measurements on a fresh, surgically excised liver metastasis from colorectal cancer was enabled under a specially approved Cancer Institutional Review Board (IRB) protocol (2013C0009). A human patient undergoing surgical liver resection for a metastasis from colorectal cancer was consented according to the protocol. The EM probe measurements were then performed on remnant excised liver tissue after all clinical diagnostic samples were taken by tissue pathology. The sample was covered in plastic wrap (Saran wrap) to prevent dehydration during measurements. The RMS-14-18 specimen was approximately 10 × 20 × 1 cm with a centrally located tumor of about 5 cm in diameter [ Fig. 14(a) ]. All measurements were made at a temperature of 15.5 • C, and no external added capacitance was used in this case as in the case of animal tissue. Prior to placing the tissue on the stage, a bare copper wire is secured on the stage platform and connected to earth ground on the oscilloscope. The entire extent of the sample is placed on the top of the bare wire to remove any stray charges from the tissue during measurement, as was performed with the animal tissue in Sec. IV B. Once the tissue is prepared in this manner, the measurement is performed as described in Sec. IV A. A line scan with 1 cm spaced point-wise measurement was performed with the aim of demonstrating that the EM probe measurement could distinguish between liver metastasis and normal liver tissue.
D. Statistics
All data points reported here are arithmetic means, and the error is reported as standard deviations. Statistical analysis is performed using the t-test, and t values were calculated using the following formula: Each measurement is an average of three separate measurements, and the (vertical) error bars represent the standard deviation of those three measurements (e.g., see Fig. 11 ). Measurements were performed with sensitivity at 2 mV/V and dynamic reserve on HIGH. No line filters were used, and the pre-and post-time constants were 300 ms and 0.1 s, respectively. The center region in (b) is a representation of the visually observed tumor region from (a). Note the significant heterogeneity of factors contributing to the signal within the tumor itself.
where µ i is the average of a group as calculated using Eq. (10), n i is the size of each group, and s p is the pooled standard deviation of both groups as calculated by s p = (n 1 − 1)s 2 1 + (n 2 − 1)s 2
where n i is the size of each group and s i is the standard deviation of each group. p-values were calculated using a cumulative distribution function with a degree of freedom given by n 1 + n 2 − 2. Testing for statistical significance was performed with an alpha value of 0.05.
E. Results and discussion
It has been shown in Sec. III B that the lock-in amplifier signal can be optimized by adding capacitance to the detector coil circuit. An optimum value for the external capacitance that needs to be added to the detector coil circuit was determined from single point measurements on porcine and bovine samples. This optimum capacitance was determined using a variable capacitor connected in parallel to the detector coil. The capacitance was varied from 0 pF to 100 pF in 10 pF intervals. Figure 12 shows the results of these optimization measurements for different values of the added capacitance.
The 0 pF measurement point in Fig. 12(a) represents the probe at its base settings. It is evident that there are indeed maxima and minima in the signal from the added capacitance. This dependence on the external capacitance may be understood in terms of shifting of the peaks in Figs. 2(a) and 5, which is observed as a change in the DC output voltage registered by using the lock-in amplifier. Additionally, the contrast between porcine and bovine tissues changes with the added capacitance but does not necessarily correlate with the maximum signal in either tissue when compared to null. This is likely due to the difference in the dielectric constants of the two tissues attributable to differences in either inherent electromagnetic tissue properties or the overall morphological differences between the two representative samples (i.e., cut vs. ground).
Point-wise measurements are conducted along a line across the interface formed by placing either bovine tissue or porcine and bovine tissues adjacent to each other in a contiguous manner [Figs. 13(a) and 13(c)]. Based on the results of optimization with the external capacitance as well as accounting for other sources of the capacitance from connectors (Figs. 12), 10 pF is added in parallel to the detector coil for these measurements. The results of the point-wise measurements along a line across the interface are shown in Figs. 13(b) and 13(d) , respectively, for the two phantoms shown in Figs. 13(a) and 13(c). Error bars are calculated based on a set of five repeated measurements at the same location, as described in Sec. IV A. The first point is ∼2 cm from the left edge, and the last point is ∼1 cm from the right edge of the sample. The approximate interface of the two halves is represented by the change in the color of the background in Figs. 13(b) and 13(d) . It can be seen from these figures that the EM probe measurement is capable of distinguishing between the two tissue types. The signal in the porcine tissue has a higher magnitude than the bovine tissue and is consistent with the results shown in Fig. 12 . Likewise, the continuous bovine tissue (sirloin) has a higher magnitude signal than the ground sample. It can also be seen that the EM measurement is able to distinguish between two bovine tissues of different morphologies even though both have comparable electrical conductivities. Moreover, the interface is correctly detected, as can be seen from the visual location of the measurements indicated in Figs. 13(b) and 13(d) . It is interesting to note from Fig. 13(b) that the interface is detected up to a centimeter beyond the actual interface. The results shown in Figs. 13(b) and 13(d) may be interpreted from the perspective of capacitive coupling. From the measurement system instrument response discussed in Sec. III B, it can be concluded that the solid bovine tissue and porcine tissue have a higher coupled capacitance than the ground bovine tissue, likely due to differences in permittivity. Since the EM probe has been shown to be more sensitive to morphological changes in the sample and less sensitive or not sensitive at all to variations in conductivity, it can be concluded that the measured signal is largely due to structural differences in the tissue samples.
Ex vivo measurements on fresh, surgically excised liver metastasis from colorectal cancer are shown in Fig. 14. The yellow circles in Fig. 14(a) show the footprint of the probe and the locations of the measurements. Note that the EM probe measurements clearly distinguish between the tumor and normal liver tissue without the need for contrast agents or labeled antibodies. Separate electrical impedance spectroscopic (EIS) measurements 8 have shown that over the frequency range of interest here (100 Hz-1 MHz), the electrical conductivity of the tumor is 2-5 times greater than the corresponding electrical conductivity of normal liver tissue. EIS measurements also showed differences in the electrical conductivity between these two tissue types that varied over frequency. This suggests that the differences between the tissue types observed in Fig. 14(b) arise from considerations other than the resistivity of the biological tissue and could be due to morphological differences in the sample, slightly differing capacitive coupling between each tissue type and the EM probe, or both. Such capacitive coupling could signify differing polarization arising from different cell shapes and sizes and can explain the differences in interfacial properties between the tumor and surrounding normal tissue between the left side and the right side of the tumor boundary in Fig. 14. Also evident in Fig. 14(b) is the fact that there is significant variation within the tumor (heterogeneity) as observed from the EM signal. As in the case of the animal tissue, the EM probe is able to discern between the tumor and normal tissue in a fresh, surgically excised specimen.
V. SUMMARY AND CONCLUSIONS
In this paper, a detailed procedure for design of an electromagnetic (EM) probe for detecting metal and distinguishing between soft tissues as well as an intermediate-frequency EM method for characterizing soft tissues has been presented. The method utilizes a custom designed and fabricated EM dual-coil probe comprising an inner primary coil and a concentric outer detector coil. When an electrically conducting sample is brought near the mutually inductively coupled coils of the probe, changes in the detector coil voltage characteristics are detected by lock-in amplification. An equivalent circuitelement model has been developed to enable the design of the EM probe to be specifically capable of distinguishing between different soft tissue samples of nearly similar electrical conductivity. The model has also been used to generate synthetic signals that mimic characteristics of soft tissue, enabling characterization of the response of the measurement system and aiding in the interpretation of experimental measurements on actual animal and human tissue samples. It is found that the EM measurement is significantly influenced by capacitive coupling between the sample and the probe in the case of biological tissue, whereas it is dominated by the mutual inductance in the case of metallic samples. The latter is of significance in biomedical applications where it is necessary to detect metal nanoparticles (gold) bound to antibodies that bind to specific antigens. 6, 7 By adding a small (tens of picofarads) capacitance in the external circuit in parallel with the detector coil, it has been shown that the detector coil signal may be optimized for biological soft tissue samples and the EM probe design.
Experimental measurements performed on circular loops of the conducting wire show that for samples with large electrical conductivities approaching those of metals, the EM probe
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Rev. Sci. Instrum. 89, 084302 (2018) can detect eddy current domains approximately on the order of and larger than the diameter of the probe. Experimental measurements were performed on animal tissue phantoms comprising porcine tissue and bovine tissue placed contiguously to form a physical interface with significantly different tissue morphologies on either side. The results of these measurements show that despite the electrical conductivities of the two tissues being similar 9,10 (σ bovine ∼ 0.3 S/m and σ porcine ∼ 1 S/m), the EM measurement is able to detect the presence of the interface and distinguish between the two tissue specimens. The EM measurement on tissues is found to be more sensitive to the morphological structure of the specimens, rather than to changes in the electrical conductivity. This is evident as a scan was performed across the interface of the phantom, showing a monotonic change in the signal level arising from different EM properties on either side of the interface. Moreover, EM measurements on another phantom comprising an interface formed between solid bovine tissue (beef sirloin) and ground beef representing the same tissue type from the same species but with different morphologies also showed its capability to detect the interface as well as to distinguish between the two morphologically different tissue specimens on either side of the interface. Measurements on fresh tissue excised from a human patient undergoing surgical treatment for a liver metastasis from colorectal cancer further showed the feasibility of using the EM probe and the method presented in this paper to distinguish between the tumor and surrounding normal tissue. We have previously measured the electrical conductivities of these two tissue types (i.e., tumor and normal liver tissue) using electrical impedance spectroscopy (EIS) and found 8 σ tumor ∼ (4-5) × σ normal . As shown in Figs. 7 and 8, our EM probe is relatively insensitive to changes in conductivity in the sample so that the observed differences in the EM signal could be due to differences in the morphological structure, permittivity, or both. The measurement method presented here could be useful in biomedical applications where it may be necessary to distinguish between different tissue types, for example, in monitoring the progress of a healing wound or when determining surgical margins between cancer and normal tissue. The design methodology presented in this paper enables dual-coil EM probes to be used for distinguishing between metal and tissue or between different tissue types in a sample. The ability to optimize the probe performance by proper design and by modifications in the external circuit (added capacitance, for example) can enable its use to distinguish between different freshly harvested soft tissues as well as with gold-labeled antibodies 6, 7 for distinguishing between cancer and normal tissue. This EM probe and measurement method could thus complement existing techniques in pathology by providing a real-time assessment of which portions of larger excised tissue should be subjected to detailed microscopic analysis and serve as a coarse guide to surgeons in informing whether or not more tissue may need to be excised.
